Abstract. The role of turbulence in the growth process of cloud droplets in the condensation phase is investigated by means of direct numerical simulations in two dimensions. Both curvature effect and solute effect are incorporated in the model for the evolution of cloud droplet radii. The latter effect is allowed because of the explicit description of cloud condensation nuclei (CCN) dynamics. Spectrum broadening appears as a spectacular effect of turbulence. In order to give a quantitative measure of the importance of turbulence in the growth process, we introduce the concept of equivalent CCN radius. The latter naturally emerges as a sort of parametrization of turbulence effects to be incorporated within a classical description of the condensation phase. In that context, it is the minimal CCN radius required to produce spontaneous condensation of cloud droplets. The equivalent CCN size behaves with the dissipation rate ε as ε −1/3 , thus becoming smaller and smaller as turbulence intensity increases.
Introduction
Condensation and coalescence are the two main processes characterizing the growth of droplets in a cloud [1] . As far as the former process is concerned, it is influenced by two effects: the so-called curvature effect and solute effect. The first one arises due to the fact that evaporation of water molecules from droplets having large curvature (small radii) is easier than that from droplets with small curvature (large radii). This is simply originated by the fact that water molecules are less strongly attached to a curved, convex, water surface [2] . As a consequence, smaller droplets require the availability of larger vapour pressure (and thus humidity) to remain in equilibrium. In view of the fact that in the atmosphere the (averaged) value of relative humidity rarely exceeds 101% [1] , growth of droplets smaller than, say, ∼1 µm would be impossible and the consequent growth of larger droplets would be strongly hindered. Cloud droplets actually grow larger owing to the action of so-called cloud condensation nuclei (CCN), i.e. tiny particles around which condensation begins.
In many situations, CCN have an affinity for water vapour (i.e. they are hygroscopic) with the result that condensation may take place even within unsaturated environments. This effect, known as the solute effect, acts in the opposite direction to the curvature: salt ions in solution bind closely with water molecules with the final result that evaporation is more difficult (with respect to the situation in the presence of non hygroscopic CCN) and, consequently, the equilibrium pressure is lowered (and therefore so is the relative humidity) [2] .
When we have mentioned the fact that in the atmosphere the relative humidity rarely exceeds the value of 101%, we were explicitly referring to its mean value, e.g. a representative value which does not account for fluctuations. The notion of an almost uniform humidity background inside which cloud droplets evolve is one of the basic ingredients of the so-called fluid parcel approach [3] . Accordingly, cloud droplets should visit a small portion of cloud (thus experiencing an almost uniform value of humidity) in a time interval comparable to that required for condensation to occur. This basic description however does not explain the broad distribution in the range 1-20 µm, which is clearly observed in experiments [4, 5] at the end of the condensation process. Such a variety in the cloud droplet population is of paramount importance to properly activate the successive coalescence phase which eventually leads to the precipitation process.
Recently, [6] - [8] , a simple generalization of the Twomey model [9] , where the vapour is considered as a (turbulent) field varying both in space and in time, was shown to produce a remarkable spread of the droplet size distribution, in qualitative agreement with observations. Our attention here is on the condensation stage and more specifically on a quantitative analysis, based on direct numerical simulations (DNS), of the role of hygroscopic CCN on the growth process by condensation when turbulence fluctuations in the humidity field are explicitly considered.
To be more specific, we aim at understanding whether the classical picture, which invokes the presence of CCN of given radii to explain the growth process for a given value of the ambient humidity, is modified when turbulent fluctuations in the humidity field are explicitly taken into account. Answering this question might be of importance to ascertain the actual importance of CCN in a cloud also in relation to artificial seeding of clouds with the intent of increasing precipitation [10] or to clear the air of pollution.
The model we are going to present is inspired by Celani et al [6] as far as the way to account for turbulent fluctuations is concerned. The novelty of the present model is that now the CCN are explicitly incorporated into the model as well as the solute and curvature effects mentioned above.
The paper is organized as follows. In section 2, we introduce the basic physics ruling the growth process due to condensation and the relative equations for the cloud droplet radius. The equations for the supersaturation field passively transported by a Navier-Stokes velocity are also reported and discussed. In section 3, we describe the choice of the model parameters both to select a class of clouds as well as the type of CCN and other environmental properties considered in our study. Details on the numerical procedure to integrate our model equations are given in section 4. Sections 5 and 6 are devoted to the presentation of our results and critical discussions. Finally, some conclusions are drawn in section 7.
Model
Let us define e and e sat the vapour pressure and its value at saturation, respectively. In these terms, one can define the supersaturation, s, as s ≡ e/e sat − 1, where s = 0 corresponds to a saturated environment, while negative values to an unsaturated one. Curvature effects, solute effects and the presence of a supersaturated/unsaturated environment discussed in section 1 influence (under some assumptions and approximations [1] ) the growth of a given cloud droplet of radius R through the differential equation
V being interpreted as a potential field, the expression of which is:
Here, c is the curvature coefficient and h the hygroscopicity coefficient, defined as Figure 1 . Sketch of a Köhler equilibrium curve (left) with the definition of some special radii. Below the critical radius R c the graph of s(R) represents a stable equilibrium, whereas for R > R c an unstable one, as clarified by the sketch of the radius potential (right). Thus, for a particular supersaturation value s < < s c , we find two different equilibrium sizes: the lower stable one, the haze droplet radius labelled by 'h', and the unstable one, the cloud droplet radius labelled by 'c'. Above the Köhler curve droplets will thus grow, while they will do the opposite below the curve.
In these expressions σ is the surface tension between water and air, R the universal gas constant, T the environmental temperature, n s the ion number for a specific salt, m s the mass of the hygroscopic CCN, M w and M s are the water and the salt molar masses, respectively, and ρ w the water density. From (1) one can define the point set in the R-s-plane where droplets are in equilibrium (i.e.Ṙ = 0). This leads to the definition of the so-called Köhler curve described by
i.e. a line in the R-s-plane separating the growth region from that where evaporation takes place. In figure 1 , a schematic Köhler curve is reported (left) together with the behaviour of the potential V for two different values of s (right). For the sake of description, let us remark that a critical point (R c , s c ) = ( √ 3h/c, 4c 3 /(27h)) is presented in the R-s-plane, separating the left stable branch of the Köhler curve from the right unstable one.
Our model is based on a generalization of the Twomey model. There, the time variation of s is due to the following two mechanisms. Firstly, an ascending air parcel moving under the action of a constant vertical velocity reduces its temperature and thus the value of the saturation vapour pressure; this causes an increase of s and eventually the formation of droplets. Secondly, once droplets are formed, the consequent reduction of vapour is accounted for by the so-called absorption term −s/τ s . Here, as in [6, 7] , we assume that air parcels move in a turbulent field (as is the case in a cloud); therefore, they are not transported by a constant vertical velocity, but by the whole (turbulent) velocity field u = (u, v, w), which obeys the Navier-Stokes equations. The contribution ds/dt in the Twomey model thus has to be interpreted as a material derivative, i.e. describing the variation of s along the trajectories, resulting in an advection-diffusion 5 equation for the supersaturation field plus an absorption term evaluated locally in space [8] .
To be more specific, the model equations are
for the two Eulerian fields (for a complete derivation of rhs of (5) see, e.g. [11] ) and d dt
for the Lagrangian evolution of the positions X i and the radii R i of the N particles. Here ρ a is the air density, ν and D are the kinematic viscosity and the vapour diffusivity, respectively, A 1 and A 3 can be regarded as constants, 1/τ s ∝ R i locally depends on the size and the number of droplets, f is a random forcing term and η i is independent white noise. Notice that when the ith particle reaches the CCN radius R 0 , R i remains fixed to R 0 until a new nucleation occurs. This means that a totally evaporated droplet does not disappear from the cloud, but releases its own CCN, which is free to continue its evolution and eventually to start up a new nucleation process.
Choice of parameters
Let us now focus our attention on the model parameters to mimic a realistic cloud system. Here, we are interested in warm cumuli, i.e. vertical clouds without ice particles, during their first development stage. To start our study, many cloud features-such as height, dissipation rate and mean supersaturation-need to be fixed. As it will be shown, this choice needs some care because of its dependence on the particular features one would like to study. In other words, we have to decide which parameters are to be left free in order to test the dependency of the system on them.
As already anticipated, our aim here is to understand the possible role of turbulence in aiding cloud droplets to eventually cross the barrier in the Köhler curve (even in an unsaturated environment) and thus to grow in time until the coalescence phase is reached. It is thus customary to study the system response as the turbulent dissipation rate ε increases. The system we are going to investigate being two-dimensional, other parameters, for instance the Reynolds number, are not particularly meaningful. We thus selected ten values of ε ranging from 10 −3 to 10 −1 m 2 s −3 , an interval representative of what happens in clouds [12, 13] . Lower values were also considered, but our results showed that turbulence plays a negligible role in those cases. In order to facilitate comparison with the available literature, from now on ε will be expressed in SI units.
The comparison of these different situations (characterized by different ε) suggests the use of a common observation period of the order of a large eddy turn-over time τ L , which will be kept fixed in our studies. This also allows Lagrangian simulations to be carried out within the same Eulerian fields. Clearly, a fixed τ L implies that the larger the value of ε, the higher the typical size, L, of the considered cloud core (and the higher the root mean square velocity u rms ). Table 1 . The height of the cloud core L and the typical velocity u rms as functions of the dissipation rate ε. Time-averaged root mean square supersaturation s rms is also reported for each different initial configuration of our simulations labelled with S1, S2, S3 and S4. Note that all these quantities are proportional to √ ε. This immediately follows from the fact that
For a given value of ε, we have to fix τ L in such a way that the resulting cloud size is of the order of hundreds of metres, as in realistic clouds. We are indeed interested in describing the whole cloud and not a small portion of it, as in the fluid parcel approach. The choice we made for ε and L leads to values of τ L of the order of hundreds of seconds, compatible with the typical time for the condensation phase to occur [14] . Table 1 gives the values of L and u rms (corresponding to τ L = 160 s) for three values of ε among the ten considered. Table 2 shows some other model constants and fixed parameters.
Let us now deal with environmental conditions. Since at this level the model of turbulence presented in section 2 does not involve quantities such as temperature or pressure, we do not mention them here, keeping them fixed to standard atmospheric values. Solely the mean supersaturation s thus remains to be discussed. The literature reports that it can rarely exceed the order of per cent. It is important to notice that a classical model approach needs a positive s in order to observe a mean droplet growth, although the solute effect might ensure droplet nucleation even in an unsaturated environment. However, here no positive mean supersaturation is assumed, because we want to assess whether turbulence fluctuations alone are able (or not) to overcome the curvature effect and to carry droplets until the coalescence stage. Accordingly, a saturated environment corresponding to s = 0 is assumed.
Although we set s to zero, the supersaturation field has strong temporal fluctuations (whereas spatial fluctuations are controlled by ε) and its root mean square s rms experiences strong fluctuations of about 25% of its average value during a time period of ten τ L . This is due to the structure of (5) itself, where the passive field s is forced by the anisotropic A 1 w term, which is strongly fluctuating. For this reason, we have selected four initial conditions, labelled by S1, S2, S3 and S4, not only characterized by different values of s rms , but also by different temporal trends of it (see again table 1).
We also have to establish how to compute the absorption time τ s , i.e. its inverse 1/τ s ∝ R i , which locally depends on the size and the number of droplets. Since we are considering small droplets with a low numerical density, we neglect the sink term in (5) by setting 1/τ s = 0 as in [6] . As already found in [7] , the effect of a finite τ s is to reduce both the broadening of the radius distribution and the radius growth rate.
Finally, we have to specify which salt is responsible for the solute effect. Both sodium chloride and ammonium sulfate, two of the most common cloud salts, have been considered, giving similar results. However, for the sake of conciseness, the latter has been chosen for a deeper analysis and results presented here refer solely to (NH 4 ) 2 SO 4 . The latter solute dissolves in water as two ammonium ions and one sulfate ion. Since its molar mass is more than twice that of NaCl (see table 2), m s being equal in both cases, h is lower for (NH 4 ) 2 SO 4 and therefore the curvature barrier is a little higher, while the critical radius occurs earlier [1] . The last parameter to be discussed is the CCN mass, i.e. the initial radius R 0 . Again, as stated from the beginning, one of the aims of this work is the definition of the required sizes for efficient condensation nuclei once turbulence is included. So, not surprisingly, m s will be left free, in order to test the contribution of the starting CCN size on droplet growth. The main question addressed here is how relevant the presence of large CCN is to activate a cloud droplet and whether or not turbulence can reduce their role with respect to the classical picture where turbulence is not accounted for. Two situations are compared here, both in a high region of the mass range 10 −1 -10 3 fg reported by [1] : we consider hygroscopic nuclei with masses of 10 2 and 10 3 fg and corresponding radii of 0.24 and 0.51 µm, respectively. In the first case, only a series of S1 simulations were performed, while in the second case all (four) initial conditions were used. Table 3 summarizes the principal model parameters having a dependence on the mass m s .
Numerical procedure
We performed a series of two-dimensional DNS of a resolution 1024 2 of model equations (4)- (7), where, as customary in two dimensions to eliminate pressure, the equation for u is replaced by the equation for the vorticity ω
First, we integrated the equations for vorticity and supersaturation by a standard pseudospectral method on a doubly periodic square domain of length 2π . As usual, in (8) the viscous term is substituted by a hyperviscous one, here of order 8, and a linear friction is added in order to 8 prevent energy accumulation at the lowest modes; furthermore the two fields ω and s have been 2/3-dealiased.
After more than about ten τ L a K41 stationary state is reached for both fields and four different frames, each separated by a time interval of the order of τ L , are selected from it and used as initial fields for simulations S1-S4. In this set of simulations 10 5 hygroscopic nuclei are put randomly in the domain with the same initial radius at t = 0 and particle evolution is followed for a time t = 1τ L . Tests with a larger number of nuclei, up to 5 × 10 6 , showed that our results do not depend on the number of CCN. Equations (5) and (8) are advanced in time via a standard second-order Runge-Kutta scheme, while equations (6) and (7) via a first-order Euler one. The time step δt has to be smaller than the smallest timescale, which is connected here to the solute term in (7) and, thus, is of the order of
s . The time step should thus decrease as smaller and smaller masses are considered. We used δt = 8.6 × 10 −6 τ L 7 × 10 −4 τ η when m s = 10 2 fg and δt = 7.1 × 10 −5 τ L 6 × 10 −3 τ η when m s = 10 3 fg. Concerning the spatial resolution, δx, it is fixed at L/1024 once the largest scale L is chosen; therefore it depends on ε, running from 0.1 to 1 m: the focus on larger scales clearly implies that details of smaller ones are necessarily lost.
Spectrum broadening
Let us first consider the situation where turbulent fluctuations of the field s are not taken into consideration. This amounts to considering the classical view with s replaced by s in (7). Figure 1 helps us to understand the basic mechanism which influences droplet growth when s = s . Focusing, as already stated before, on the case s = 0, CCN of radius R 0 experience the same mean supersaturation and start to evolve from the point (R 0 , 0) in the R-s-plane. This point, lying above the Köhler curve, is inside the region where radius growth is permitted and thus droplets immediately start to nucleate and grow. During the growth process droplet radii will follow the R axis at s = 0, until they intersect the curve and stop growing at R h 0 , which is a stable radius. The growth process is in this case entirely due to the solute effect and produces an equilibrium state consisting of a population of haze droplets having the same size R h 0 . If some initial radius distribution is assumed for the CCN, the different sizes involved will converge to the same equilibrium size R h 0 at different rates and the initial distribution will converge in time to the Dirac delta δ(R h 0 ). Nothing else can classically happen and hence evolution stops. It is worth noticing that droplet square radius takes more than 3τ L (for m s = 10 2 fg) and 15τ L (for m s = 10 3 fg) to reach R h 0 . In other words, an indefinite growth is classically possible only if either the solute effect is so strong that the Köhler curve lies below the R axis (and no critical point is present) or s > s c .
Let us now present our main results where turbulent fluctuations are explicitly considered. The results discussed in the classical picture will serve as a reference framework to better understand the role of turbulence. The first question we address is on the characterization of growing droplets. To be more specific, let us denote by N the total number of CCN put randomly in the cloud at t = 0. We observe that around all these nuclei a droplet is nucleated, such that N becomes the total number of droplets. We can split the N droplets into two groups: the N c cloud droplets with radius larger than the critical radius and the N h = N − N c haze droplets with radius below the critical one. Figure 2 shows the temporal evolution of both N c and N h . N c increases monotonically in time (being already comparable with N h after less than one τ L ), a clear clue of a continuous droplet growth by condensation. This monotonic trend is found in 
Figure 3. Droplet size spectra for three different dissipation rates at three successive times. All three spectra show a broadening in time. As ε increases, a larger broadening is observed. Spectra at t = 0 are actually taken some time steps after 0, whereas the initial spectrum is a Dirac distribution δ(R 2 0 ). Note that the branch to the left of the peak is almost frozen with the right branch tending to consume it as time runs. Here, we considered the initial conditions S1 and m s = 10 3 fg, i.e. R 0 0.5µm.
all simulations and seems to be approximately independent of m s . On the contrary, the growth rate strongly depends on spatial turbulent fluctuations, i.e. on ε, as shown in figure 2 . In figures 3-5 distributions of droplet square radii-the so called radius or size spectraare shown. The initial distribution of the CCN sizes is a Dirac delta and it is not reported. A feature common to all these plots is the presence of very spread spectra characterized by a peak in the haze droplet range and a very long right tail in the cloud droplet range. Two regions are thus associated to different dynamical conditions experienced by droplets. Figure 3 shows the spectrum time evolution, which is clearly characterized by a fast broadening: after half τ L the distribution embraces a scale interval of more than two decades even in the less turbulent simulation ( figure 3(a) ). Such behaviour is totally absent in the aforementioned classical picture. It is worth noticing how the 'haze peak' slowly evolves in time remaining almost frozen for a time of the order of 0.5τ L . On the other hand a continuous flux of droplets from the haze peak region towards the far 'cloud droplet tail' is also evident from the spectra, an effect clearly due to turbulence.
Let us now compare spectra in the two cases having different masses. We can plot either the size distributions normalized with the initial radius, R 2 0 P(R 2 /R 2 0 ), as reported in figure 4 , or the 'bare' distribution P(R 2 ). In the first case, we observe spectra collapsing in the haze peak region, in the second case spectrum collapsing occurs in the region corresponding to the cloud droplet tail. To understand the meaning of this behaviour, we have to come back to the Köhler curve plotted in figure 1 and remember that s is a field having zero mean. Thus, statistically, half the cloud will be unsaturated and half supersaturated. Roughly speaking, we can imagine that in positive regions we have s ∼ s rms , while in negative ones s ∼ −s rms . If s rms > s c , as in all our simulations (see tables 1 and 3), droplets hosted by positive regions should grow indefinitely, whereas droplets in the negative regions should only reach their haze radius R h ≡ R h (−s rms ). This schematic interpretation agrees with the situation in figure 4 , where the vertical line shows that the peak is just at R h /R 0 . Note that the two distributions overlap around R h /R 0 because both R h and R 0 are proportional to m 1/3 s . The physical meaning associated to the tail overlapping in the spectra of P(R 2 ) can be found in the fact that for particles belonging to the tails no solute effect enters into play and droplets grow thanks to s rms only, i.e. thanks to turbulence fluctuations which are the same for both m s = 10 2 and 10 3 fg. Size spectra for two different dissipation rates. We can clearly see that the larger ε is, the broader the radius distribution. Here we have t = 0.5τ L , m s = 10 3 fg and initial conditions S1.
Particles initially distributed inside the two previously identified regions tend to mix from one region to the other with the final result that the growth process appears strongly fluctuating in time. We indeed observe that droplets experience very different values of s during their evolution, crossing positive and negative regions, growing and evaporating. This evolution is however not symmetric: when droplet size becomes too small the solute effect takes place to prevent their evaporation, but no limit is present for the growth of large radii. This explains why the distribution around R h is eroded in time and haze droplets decrease monotonically in favour of cloud droplets.
To conclude this part describing the size spectra, in figure 5 we compare the width of two distributions with two different ε. It is evident that increasing the dissipation rate, i.e. turbulent fluctuations, implies a further broadening of the spectrum. This is the fingerprint of the role of turbulence in producing a broad distribution in the size of cloud droplets.
Equivalent CCN radius
In the previous section, the basic role of turbulence for droplet condensation has been explained in a qualitative way. Turbulent fluctuations allow droplets to cross the curvature barrier, continuing to grow even in a saturated environment (i.e. having s = 0) and causing a strong spreading of the initial radius distribution. Our aim now is to find an equivalent classical description which incorporates the dynamical role of turbulence into some effective parameters. In other words, we assume the description where turbulence is explicitly taken into account as our 'real world' and we search for an 'equivalent' classical model sharing one (or more) relevant features with the 'real' situation. The concept of renormalized CCN radius will naturally appear.
The observables we impose to remain unchanged passing from the real situation to the equivalent (classical) one are the growth rate of R 2 . In other words, we have R 2 ∼ 2A 3 s eq t in the presence of turbulence, with some s eq depending, e.g. on ε and the initial conditions S1-S4, ∼ s eq t in the turbulent situation can be clearly seen in figure 6 . There we observe that, after a brief transient where both solute and curvature effects give a contribution, the mean square radius grows linearly in time, the growth rate depending on ε but not on m s . This clearly means that fluctuation intensity alone, rather than the initial size, is important for the mean growth. Figure 7 shows that the equivalent supersaturation s eq follows a power law in ε, the initial conditions giving the slope only. More precisely, the equivalent supersaturation increases linearly in the square root of the dissipation rate ε.
The equivalent supersaturation gives a direct classical reading of our turbulent model: although the cloud is saturated on average, thanks to fluctuations, droplets feel an effective supersaturated environment with s = s eq . However, for the moment this picture tells us nothing about the CCN sizes involved in nucleation in our equivalent standard model. We need a further step. From figure 1 , we know that a classical (linear in time) growth can occur only if the constant mean supersaturation exceeds the critical value; thus, at least, at s c itself. The basic idea now is to associate the observed s eq to the minimal required supersaturation s c , as sketched in figure 8 . Fluctuations induce a linear growth with rate s eq and classically this can happen only if s eq = s c , at least. Since s eq is a function of ε, with that identification we can plot a different Köhler curve for every ε, such that the critical point corresponds to s eq . The crucial point now is that the Köhler curve and its critical point depend on the specific CCN properties, i.e. on the parameter h = 4c 3 /(27s 2 c ) or the particle mass, once the other parameters are kept fixed. Thus, we have a procedure to associate an equivalent CCN mass to every dissipation rate via 
The latter equality comes from results presented in figure 7 , i.e. from the observed relation s eq ∝ ε 1/2 . Figure 9 confirms that the equivalent CCN radius decreases as turbulent fluctuations increase, with the power law R eq ∝ ε −1/3 , initial conditions not affecting this slope. It is worth noting that this result is totally independent of the initial CCN size R 0 . Turbulence appears as a strong effect, reducing the CCN radii by more than one order of magnitude even in the situation with the smallest fluctuations.
Conclusions
We have investigated the role of turbulence in the early stage of the droplet growth process dominated by condensation. Inspired by Celani et al [6, 7] , turbulence effects are incorporated into our model by a simple generalization of the Twomey model [9] . Accordingly, the concept of ambient humidity is replaced by a (turbulent) field transported by a Navier-Stokes (turbulent) velocity field. In addition the curvature effect and the solute effect have been described in figure 6 , we know that in the presence of turbulence R 2 also increases linearly in time and we can define an equivalent supersaturation such that R 2 ∼ 2A 3 s eq t. Now the basic idea consists of reading turbulent results as classical ones with s c = s eq . One can thus calculate R c (s eq ) and h(s eq ) to obtain a renormalized Köhler curve with a higher curvature barrier. Finally the renormalized CCN radius R eq can be easily extracted from h(s eq ).
the present model. The latter effect can now be considered owing to the explicit treatment of CCN dynamics. In other words, unlike what happens in [6, 7] , the growth process now starts from an initial population of CCN and, more importantly, a complete evaporation of a cloud droplet does not imply its disappearance as in [6, 7] but simply that it leaves a 'bare' CCN from which a new growth process can be activated under favourable ambient conditions. For the same physical mechanisms discussed in [6, 7] , also in the present study turbulence causes a broad distribution of the cloud droplet sizes, in qualitative agreement with experimental results. With the present model formulation we are not in a position to perform a quantitative comparison with experiments. However, we try to isolate some basic mechanisms and try to contribute to the understanding of nontrivial observations such as the broadening of the droplet spectrum. From our studies it emerges that turbulence is an essential ingredient that acts to enlarge the droplet size spectrum. It is unrealistic though to expect to be able to capture the details of this phenomenon with a model which is two-dimensional, has periodic boundary conditions and 1/τ s = 0. In relation to this latter property, it has been shown in [7] that a local nonzero 1/τ s ∝ R i leads to a reduction both of the spectrum broadening and of the radius growth rate. For the four initial conditions S1-S4 the behaviour of the renormalized (equivalent) CCN radius is shown as a function of the dissipation rate. The lines correspond to a fit with ε −1/3 . Note that the effect of turbulence is so strong that the initial CCN radii (0.24 and 0.51 µm in the 10 2 and 10 3 fg case, respectively) are not reported, they lie more than one order of magnitude above the equivalent radii.
The explicit incorporation of CCN in our dynamical description allowed us to propose a criterion to provide a quantitative measure of the turbulence effect on the growth process. This idea leads to the concept of 'equivalent CCN radius', i.e. an effective parameter to be inserted into the classical theory of the droplet growth process with the goal of parametrizing dynamical effects played by turbulence. How this equivalent CCN radius behaves as a function of turbulence intensity and initial conditions has also been investigated.
